We studied the distribution of DNA in human circulating lymphocyte nucleoli using three different cytochemical methods for selective visualization of DNA in thin sections: the Feulgen-like osmium-ammine reaction, the NAMA-Ur procedure, and the osmium-ammine staining in glycine buffer, pH 1.5. All three methods indicated the presence of uniformly distributed, highly decondensed DNA filaments forming a large solitary agglomerate in the central part of the nucleolar area, corresponding to the solitary large fibrillar center (FC) as revealed by uranium and lead staining. We also studied the relationship between DNA agglomerates and nucleolar fibtillat components in resting and phytohemagglutinin (PIU)-stimulated lymphocytes by morphometric analysis of the areas occupied by these structures. In resting lymphocytes the mean area of the DNA agglomerates was 0.479 pm2 2 0.161 SD, whereas that of FCs was
Introduction
The nucleolus is an ordered domain in interphase cell nuclei where ribosomal (2) RNA biogenesis occurs. At the ultrastructural level, the main nucleolar components are the fibrillar centers (FCs), the dense fibrillar component (DFC), which generally surrounds and is intimately associated with the FCs, and the granular component (GC) . At the periphery of these nucleolar components, compact chromatin (perinucleolar chromatin) is present, extensions of which penetrate into the nucleolar body (intranucleolar chromatin) (1) .
Our knowledge about the structural-functional organization of the nucleolus was considerably enhanced by the observation that argyrophilic proteins, present in the metaphase nucleolar organizer regions (NORs), are located in the FCs and, to a lesser extent, in the DFC (2,3). Combination of Feulgen-like osmium-ammine staining for DNA and selective silver staining for NOR proteins showed that highly decondensed DNA filaments have the same distribu-Supported by grants from M.U.R.S.T. and by Pallotti's Legacy for Cancer Research.
Correspondence to: Prof. Massimo Derenzini, Dipartimento di Patologia Sperimentale, Universiti degli Studi di Bologna, Via San Giacomo 14, 40126 Bologna, Italy. 0.380 pm2 2 0.149 SD, with a ratio of 1.26. In PHAstimulated lymphocytes the mean area of the DNA agglomerates was 0.116 pm2 2 0.056 SD, whereas that of the FCs was 0.075 pm2 2 0.032 SD, with a ratio of 1.55. In PHAstimulated lymphocytes we also measured the area occupied by the FCs plus the closely associated dense fibrillar component (DFC). The mean value of these two fibrillar components was 0.206 pm2 * 0.081 SD. These data demonstrate that decondensed DNA filaments are uniformly distributed in the FCs and that in transcriptionally active nucleoli they are also present in the proximal portion of the DFC surround- tion pattern as the silver-stained NOR proteins (4) . Thus, the fibrillar nucleolar components (FC and DFC) were identified as the interphase counterparts ofmetaphase NORs. According to previous wellestablished morphological and biochemical data indicating that rRNA transcription was located in the DFC (reviewed in 5,6), a model was proposed for the structural-functional organization of the nucleolus in which: (a) ribosomal genes were located in the FCs and DFC, forming a roundish agglomerate of completely extended, non-nucleosomal DNA filaments; (b) only the peripheral portion of this DNA, that penetrating the DFC. was transcriptionally active; whereas (c) DNA filaments in the FCs were transcriptionally inactive but, on the other hand, structurally ready for transcription (7) . This interpretation of nucleolar functional organization has been questioned in the past few years by many results obtained with immunocytochemical techniques for detecting DNA in thin sections. DNA has, in fact, been localized throughout the FC or at its periphery but not in the DFC (8) (9) (10) (11) . Similar results were obtained with in situ hybridization techniques for rDNA (12J3). These data led the authors to conclude that transcription of the rRNA genes occurs exclusively in the FC of mammalian nucleoli (14J5). However, in situ hybridization techniques also gave rise to completely contrasting results.
Wachtler and colleagues (16) (17) (18) showed that in human lym-DERENZINI, FARABEGOLI, ' I W~ phocytes and Sertoli cells rRNA genes were located in the DFC and not in the FC. According to these authors, the DFC contains or is the structural equivalent of the rRNA transcriptional machine. The variability in the assignment of r~~A transcriptional processes to nucleolar components is due, in our opinion, to conproaches for the location Of DNA in the define the actual distribution of DNA in the FC and DFC. For this rea-NAMA-Ur Procedure. The NAMA-Ur method for DNA was carried out en bloc as described by Testillano et al. (20) . Resting lymphocytes were fixed in 4% paraformaldehyde in PBS, pH 6.9. for 1 hr. After buffer washing, the cells were immersed in 0.5 N NaOH in 4% paraformaldehyde overnight. The cells were rinsed in distilled water. treated with 1% acetic acid for 10 min, and rinsed again in distilled water. Methylation and acetylation (23) . After dehydration in a methanol series, cellswere treated with a freshly prepared methano1:acetic anhydride mixture (>A, vlv) for 24 hr. Cells were then immersed in pure methanol and ethanol and embedded in Epon.
flitting Obtained by using different approcedures were according [he procedure ofTandler and Solxi we that it was absolutely necessary to son. in the present work we have studied the distribution of DNAcontaining structures in the human resting lymphocyte nucleolus, using three selective cytochemical methods for DNA visualization at ultrastructural level: the Feulgen-like osmium-ammine reaction (19) . the NAMA-Ur technique (20) , and the osmium-ammine staining in glycine buffer, pH 1.5 (21) . Human circulating lymphocytes have a very simple nucleolus (ring-shaped nucleolus), and the distribution of DNA in relation to the other nucleolar components can be easily defined. All three selective DNA staining methods confirmed previous observations regarding the presence of roundish agglomerates of highly decondensed DNA filaments in correspondence to the FCs. A morphometric study was therefore carried out to compare the area occupied by the DNA agglomerates with that occupied by FC and DFC. Both resting and PHA-stimulated lymphocytes were used. The aim of this investigation was to ascertain whether the decondensed DNA filaments were distributed exclusively within the FCs or whether they also extended into the DFC.
Materials and Methods
Peripheral human blood lymphocytes were isolated by density-gradient centrifugation through Ficoll Hypaque. Lymphocytes (in the presence or absence of PHA 2.5 pl/ml) were incubated in a humidified atmosphere of 5% co2-95% air at 37°C for 20 hr.
Unless otherwise specified, lymphocyte pellets were fixed in 4% paraformaldehyde alone or post-fixed with 1% 0~0 4 .
The fixatives were dissolved in 0.1 M Sorensen's buffer, pH 7.2. After rinsing, paraformaldehyde-fixed samples were dehydrated in dimethylformamide and embedded in Lowicryl K4M; Os04-post-fixed pellets were dehydrated in ethyl alcohol and embedded in Epon. Thin sections from Os04-post-fixed samples embedded in Epon were double stained with uranium and lead.
DNA-selective Staining Procedures
Feulgen-like Osmium-ammine Reaction. The Feulgen-like osmiumammine technique (19) was carried out as previously described (22) on thin sections from Lowicryl-embedded samples mounted on gold grids without formvar. They were hydrolyzed for 30 min at room temperature with freshly prepared 5 N HCI. The grids were left for about 1 hr in distilled water.
During this time osmium-ammine/SOz was prepared by bubbling SO2 for 30 min through a 10-ml suspension of 1% osmium-ammine in distilled water, contained in a 25-ml cylinder. During SO2 bubbling the suspension turned black. It was then left to settle until the liquid in the middle zone of the cylinder had a yellow-brown appearance. This yellow-brown liquid was used for the staining reaction. The grids, removed from distilled water, were rapidly dried with filter paper and floated on the staining suspension for a time ranging from 30 to 50 min. at 37'C. The grids were then thoroughly rinsed with distilled water.
Sections were stained with uranyl acetate for 30 min.
Osmium-ammine Staining in Glycine Buffer, pH 1.5. For selective visualization of DNA, thin sections from Lowicryl-embedded samples, mounted on gold grids, were treated with 0.1% RNAse (Sigma; St Louis, MO) dissolved in 0.1 M Tris-HCI buffer, pH 7.4, for 1 hr. After RNAse digestion, some thin sections were also treated with either 0.1% pepsin for 10 min or 0.01% proteinase K for 40 min (all from Sigma), dissolved in 0.1 M HCI and in 20 mM Tris-HCI buffer, pH 7.4, with 2 mM CaCI2, respectively. All enzymatic digestions were performed in a moist chamber at 37'C. The staining reaction was carried out using 1% osmium-ammine in glycine buffer, pH 1.5, for 45 min at 37'C (21). Thin sections were also stained by osmium-ammine in glycine buffer without prior RNAse digestion. In this case, both nucleic acids were contrasted in thin sections (21) .
Morphometric Analysis
Morphometric analysis was performed by using a specific program (MR 2100) of a computer-assisted image analysis system (Sistema MONO; lmmagini e Computer. Milan, Italy). The system consisted of a color monitor, a host computer based on a 286 processor with operative system DOS, an imageprocessing unit. and a digital cursor. The morphometric evaluation of the size of loose DNA agglomerates and nucleolar fibrillar components was semiautomatically obtained by overlaying the periphery of each structure with the digital cursor on the micrographs obtained using a Siemens 102 electron microscope. The perimeter of the nucleolar components was previously defined by pen. Measurement of the areas of the fibrillar components and loose DNA agglomerates was carried out on micrographs with a final magnification of x ~0.000. The microscope was routinely calibrated by means of a diffraction grating replica at 54,864 lines/inch. Statistical analysis of measured data was performed using the Student's t-test. Statistical significance was defined at p<O.OS.
Results
The nucleolus of resting human lymphocytes in Epon-embedded sections double stained with uranium and lead appears to be characterized by a large, solitary fibrillar center, with a delicate homogeneous electron-opacity, encircled by a rim of ribonucleoprotein structures (Figure 1 ).
D N A Distribution in Resting Human Lymphocytes
Sections Stained by the Feulgen-like Osmium-ammine Reaction. In Figure 2 a nucleolus is shown after the Feulgen-like osmiumammine staining selective for DNA. The ribonucleoprotein components are not contrasted. In the nucleolar area, delimited by highly compact chromatin structures, small, compact chromatin clumps are present. A large, roundish, lightly electron-opaque agglomerate composed of thin filaments is located in the central part of the nucleolus. The distribution of the DNA filaments appears to be homogeneous. These filaments have been repeatedly demonstrated to have a thickness of 2-3 nm without a nucleosomal con- (1) . The size, shape, and location of the loose agglomerates are the same as those of the fibrillar centers visualized in lymphocyte nucleoli stained with uranium and lead (cf. Figure 1 ).
Sections Stained by the NAMA-Ur Method.
The NAMA-Ur DNA selective staining can be carried out both en bloc and on thin sections. In the present study we employed the en bloc procedure because the contrast was better than that obtained by applying the NAMA-Ur method on thin sections. In Figure 3 a nucleolar area is shown, delimited by compact perinucleolar DNA structures. Compact clumps of DNA structures are visible in the nucleolar area. In the central portion an agglomerate of very lightly stained thin DNA filaments is present. The distribution of these DNA filaments is uniform. The ribonucleoprotein components are unstained.
Section Stained by Osrnium-ammine in Glycine Buffer, pH 1.5, After RNAse Digestion. In thin sections of Lowicryl-embedded samples, osmium-ammine in glycine buffer at pH 1.5, after RNAse digestion, stains exclusively DNA (21) . In Figure 4 a nucleolus is shown in which compact clumps of DNA are visible both at the periphery and within the nucleolar body. In the central part is located an agglomerate of highly decondensed DNA filaments. The thickness of the DNA filaments is 2-3 nm. The filaments are uniformly distributed within the agglomerate in the same fashion as shown in Figure 2 . After RNAse and proteinase digestion, the stainability of the DNA filaments was not modified. Owing to the protein extraction the nucleolar body was more electron-translucent, with a consequent increase in the contrast of the stained structures (data not shown).
Distribution of the Loose DNA Agglomerates and Nucleolar Fibrillar Components in Resting and PHA-stimulated Lymphocytes
For measuring the area occupied by loose DNA agglomerates in nucleoli, we used thin sections selectively stained for DNA with the Feulgen-like osmium-ammine reaction. Of the three selective DNA staining methods employed, this technique appears to be the simplest and yields the highest contrast of the stained structures. To evaluate the area occupied by the nucleolar fibrillar components, we used thin sections from the same Lowicryl-embedded samples used for the morphometric analysis of the DNA agglomerates, but stained with osmium-ammine in glycine buffer at pH 1.5. By means of this technique, both RNA and DNA are stained and all the nucleolar components can be very clearly defined (21) .
In human resting lymphocytes the mean area of 50 solitary DNA agglomerates was found to be 0.479 pm2 -c 0.161 SD. On the other hand, the mean area of 50 solitary FCs was 0.380 Bm2 f 0.149 SD (Tible 1). The difference between the area values of DNA agglomerates and FCs, evaluated by the Student's t-test, was significant (p = 0.011). We did not measure the area occupied by the DFC, since in resting lymphocytes this is sparsely represented and is frequently intermingled with the granular component.
In human PHA-stimulated lymphocytes at 20 hr after stimulation, marked changes occurred in the distribution of the nucleolar structures. The ring-shaped organization of the resting lymphocyte nucleoli was no longer visible. The ribonucleoprotein components were, in fact, redistributed into a compact or reticulated configuration. In Figure 5 a PHA-stimulated lymphocyte nucleolus is shown after osmium-ammine staining in glycine buffer at pH 1.5, selective for both nucleic acids. The major nucleolar components (FCs, DFC, granular component, and intranucleolar compact chromatin) are clearly visualized. Regarding the nucleolar fibrillar components, the FCs appear to be composed of thin filaments sparsely and uniformly distributed, whereas densely clustered, highly electron-opaque fibrils constitute the DFC surrounding the FCs. Quantification of the areas occupied by the FCs and the FCs plus the closely associated DFC can therefore be very easily performed.
In Figure 6 a nucleolar area is shown after the Feulgen-like osmium-ammine staining selective for DNA. Decondensation of the intranucleolar chromatin structures is evident. Two loose agglomerates of very thin DNA filaments are visible.
For the statistical analysis, 40 nucleoli were considered, both in sections stained by osmium-ammine in glycine buffer, pH 1.5, and after the Feulgen-like osmium-ammine reaction for DNA. One hundred and three FCs and 104 DNA agglomerates were visualized and measured, respectively. The mean area of the FCs was 0.075 pm2 f 0.032 SD. The mean area of the FCs plus the associated DFC was 0.206 pm2 * 0.081 SD ( Table 1 ). The mean area of the loose agglomerates of DNA was 0.116 pm2 -c 0.056 SD ( Table 1) . The difference between the area values of FCs and DNA agglomerates, evaluated by the Student's t-test, was highly significant (p<O.OOl). 
Discussion
Our results have shown that in human resting lymphocytes the central portion of the nucleolar body is occupied by highly extended DNA filaments which are uniformly distributed to give rise to a solitary large agglomerate. Three different histochemical techniques, which are characterized by different staining mechanisms, have been employed to selectively visualize DNA in thin sections. In the Feulgen-like osmium-ammine reaction, DNA is stained as a consequence of osmium-ammine binding to pseudoaldehyde groups engendered in the deoxyribose molecule by HCI treatment (19, 22) ; in the NAMA-Ur reaction (20) DNA is selectively stained by uranyl acetate after hydrolysis of RNA and blockage of the other molecular groups stainable by uranyl acetate; selective staining of DNA by osmium-ammine in glycine buffer at pH 1.5 is due to electrostatic bonds between DNA and the osmium-ammine complex (21) . These results are therefore consistent with previous data obtained using the Feulgen-like osmium-ammine reaction which showed that these highly extended DNA filaments were uniformly distributed in the same site as the FC within the nucleolus (reviewed in 1). Such uni-form distribution of DNA in the FC was not confirmed by investigations carried out using immunogold labeling procedures for revealing DNA (9) . bromodeoxyuridine (BrdU) incorporated within DNA (IO), and BrdU linked in situ by exogenous terminal deoxynucleotidyl transferase (11) . These results indicated a DNA location at the periphery of the FCs, close to the DFC. To explain these different observations regarding DNA distribution, the specificity of the Feulgen-like osmium-ammine reaction was heavily questioned (10) .
The fact that, apart from the Feulgen-like osmium-ammine reaction, two other selective histochemical methods also indicated a uniform distribution of DNA filaments in the solitary agglomerate located in the central part of human circulating lymphocyte nucleolus confirms the validity of this technique, the specificity of which has been, on the other hand, already widely and accurately proven (19, 22) . In our opinion, the variability of results obtained on DNA distribution in the FCs obtained using immunogold visualization of DNA can best be explained by considering that the latter methods reveal only the DNA molecules that are on the surface of the sections and not the DNA that is within the thickness of the sections, as the selective histochemical DNA staining methods are able to do. Considering the highly decondensed state of DNA in the FCs, a very low gold labeling rate of DNA necessarily results. This probably accounts for the lack of statistical evaluation of DNA gold labeling distribution in the FCs of mammalian cell nucleoli.
In the present investigation we also obtained information about the distribution of DNA filaments in the DFC. We have, in fact, measured the area occupied by the agglomerates of DNA filaments both in resting and PHA-stimulated lymphocytes and we have compared that with the area occupied by the FCs and the FCs plus the DFC. We found that DNA filaments were not exclusively located in the FCs but that they also extended into the surrounding DFC. In fact, the area occupied by the DNA agglomerates was found to be larger than that occupied by FCs alone. This was much more evident in PHA-stimulated lymphocytes (1.55 times) than in resting lymphocytes (1.26 times). On the other hand, in PHA-stimulated lymphocytes. in which the DFC is prominent and its area easy to evaluate, our measurements have indicated that DNA filaments are present only in the inner third of the DFC. We can not exclude that the area value of DNA agglomerates might be somewhat un-derestimated and that the superimposition with the DFC might be greater than that actually measured. At the periphery of the DNA agglomerates the DNA filaments are more loosely clustered and sparsely distributed than in the inner portion, and some of them might not be included in the measurement of the DNA agglomerate area. The observation that DNA filaments are not exclusively localized but that they also branch out into the DFC is in agreement with previous data which showed that in thin sections selectively stained for AgNOR proteins and DNA, silver deposits had the same distribution as the DNA filaments (1, 4) . AgNOR proteins are, in fact, distributed both in the FCs and the surrounding DFC (3).
Once again, our results are not consistent with data produced by others who, using immunogold labeling procedures for DNA localization within the nucleolar structures, have never detected DNA in the DFC (8, 15) . The failure to detect DNA in the DFC, together with the observation that RNA polymerase I molecules were mainly located in the FCs (24, 25) , led these authors to conclude that the FC was the site of ribosomal transcription and not the DFC, as generally accepted (5, 6) , since, according to these authors, DNA and RNA polymerase I molecules were both present only in the FC. This conclusion must be revised in the light of our data demonstrating that DNA filaments are also distributed in a portion of the DFC. On the other hand, the presence of DNA in the DFC has been shown by Wachtler and co-workers, using in situ hybridization procedures for rDNA (16) (17) (18) . Furthermore, in a technically excellent report, Pusion-Dutilleul et al. (26) demonstrated the presence of ribosomal DNA sequences, after protease and RNA digestion, in those roundish, lightly electron-opaque structures that they interpreted as putative FCs. The labeling was detected both over their interior and their periphery. Since after protease and RNAse digestion only DNA ought to be stained by uranyl acetate, it is very likely that the structures described as FCs actually corresponded to the DNA loose agglomerates described in the present report. The finding that DNA sequences were additionally revealed at the border of these structures suggests, therefore, the presence of rDNA also in the inner portion of the DFC.
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